Boron-potassium nitrate (B-KNO 3 ) (25/75) is a well-known pyrotechnic composition which finds application as energy-release system for small-calibre rockets and pyrogen igniters for larger motors. The decomposition of the oxidiser in this composition is endothermic which can be activated by the addition of high explosives, which decompose exothermically. This paper describes the influence of two nitramine explosives, RDX and HMX, on the ignition characteristics of B-KNO 3 composition using thermogravimetry, differential scanning calorimetry, heat and pressure output measurements. Different compositions were prepared by varying the amount of RDX/HMX from 10 per cent to 50 per cent. Thermal studies on the B-KNO 3 /high explosive mixtures reveal that these undergo two-stage decomposition. The first stage corresponds to the decomposition of high explosive and the second stage corresponds to that of the reaction between B and KNO 3 . Kinetic parameters were calculated for both the stages of TG curves using CoatsRedfern and Mac Callum-Tanner methods. Ignition temperature of B-KNO 3 decreases on the addition of RDX/HMX while the onset of RDX or HMX decomposition is not significantly affected by B-KNO 3 . The pressure output of B-KNO 3 increases on adding RDX/HMX. The heat output of B-KNO 3 is not much affected by the addition of RDX or HMX, even though the heat of explosion of RDX and HMX are low. This is due to the reaction between the combustion products of RDX/HMX and reaction products of B-KNO 3 to form more exothermic products like B 2 O 3 , releasing extra heat. The flame temperature of the charge increases while the average molecular weight of the products of combustion decreases as the RDX/HMX content increases. Thus, the charge, on addition of RDX or HMX, produces higher pressure output, maintaining the heat output at comparable levels.
INTRODUCTION
Pyrotechnic compositions are intimate mixtures of fuels and oxidisers. Boron-potassium nitrate (B-KNO 3 )(25/75) is one such composition extensively used in space ordnance for many ignition applications 1, 2 .
In this composition, boron acts as the fuel and potassium nitrate the oxidiser. The exothermic reaction between boron and potassium nitrate occurs at the surface of boron particles in molten potassium nitrate at about 730 K. The major products of reaction between B and KNO 3 (1) This reaction is strongly endothermic by 316 kJ/mol. The decomposition of KNO 3 can be activated by adding a high explosive, which decompose exothermically. In the present study, the effect of adding two structurally similar nitramine explosives, viz., cyclotrimethylenetrinitramine (RDX) and cyclotetramethylenetetranitramine (HMX) on the ignition behaviour of B-KNO 3 has been studied. The addition of these explosives to B-KNO 3 can increase the gas volume and pressure output of the charge without sacrificing the heat output and the amount of solid products can be reduced. Since both explosives decompose exothermically at lower temperatures, the reaction temperature of B-KNO 3 is brought down.
EXPERIMENTAL

Materials
Boron was procured from K.V. Corporation, Japan with a purity of ~ 95 per cent and an average particle size of 1 m. KNO 3 was procured from S D Fine Chemicals Ltd, Boisar, with a purity of ~ 99.5 per cent. It was ground in a pot mill and the fraction passing through 106 m sieve and retained over 63 m was collected (average particle size 75 m). RDX and HMX obtained from the Ordnance Factory, Bhandara, having purity >99.9 per cent were sieved and fraction having the same range of particle size as KNO 3 was chosen.
Methods
Boron/potassium nitrate (25/75) composition was prepared with accurate weight of the ingredients and mixing these by sieving through a 125 m sieve five-times. This composition was then mixed with required amount of high explosive to prepare five compositions in which the RDX or HMX percentage was varied from 10 to 50. TG and DSC of these compositions were done using Perkin Elmer TGA 7 and DSC 7 in flowing argon medium (30 ml/min) at 5 k/min. Sample mass was restricted to 2 mg to 3 mg. Calorimetric values were determined by burning nearly 1 g charge in a Parr bomb calorimeter model 1261 in argon atmosphere at 2.8 MPa. The products of reaction were collected for IR studies.
Characterisation
Pressure tests on the charges were conducted by firing 0.40 g charge filled in M16 x 1 cartridge into a closed vessel of 48 cc. Pressure was recorded as a function of time using a piezoresistive pickup. Five tests were done for each composition and the average value taken. Friction sensitivity of the compositions was determined using Julius Peters equipment and impact sensitivity using drop weight method.
Two integral methods of Coats-Redfern 3 and MacCallum-Tanner 4 were used to evaluate the kinetic parameters from the TG curves. 
Coats-Redfern Method
Here, E is the activation energy, R is the universal gas constant, is the heating rate, and A is the pre-exponential factor. The term g( ) is defined as The left hand side of the equation was plotted against 1/T. The value of n, for which best fit was obtained, was chosen as the order parameter. The activation energy E and pre-exponential factor A were calculated from the values of slope and intercept, respectively.
RESULTS & DISCUSSION
Thermogravimetric Studies
The reaction between boron and potassium nitrate is exothermic and takes place in the temperature range 718 K to 828 K with DTG peak at 788 K. The corresponding weight loss observed is 19.6 per cent. RDX undergoes complete decomposition in the range 478 K to 533 K with peak temperature at 520 K as reported in literature 5 . The effect of adding HMX is similar to that of RDX. The decomposition of HMX started at about 555 K with a DTG peak at 564 K. TG data of B-KNO 3 /HMX compositions are given in Table 4 .
The weight loss observed is the same as in the case of RDX addition. In the first stage corresponding to the decomposition of HMX, weight loss occurred so rapidly that the curve was steep. Kinetics of both stages were computed using the two methods mentioned earlier. As in the case of RDX addition, activation energy of B-KNO 3 decreased with addition of HMX. The value reduced to nearly 316 kJ/mol for composition with 50 per cent HMX. The value of n lies between 0.1 and 0.5. The activation energy for HMX decomposition is 224 kJ/mol, which is comparable to literature values and it reduces with increase in the amount of B-KNO 3 . Here also E/lnA values were computed and found to be constant. Tables 5 and 6 .
Differential Scanning Calorimetric Studies
The DSC peak temperatures of B-KNO 3 /RDX and B-KNO 3 /HMX mixes are given in Table 7 . DSC curve of RDX showed melting at approx 479 K, followed by decomposition. DSC curve of B-KNO 3 showed endotherm corresponding to the phase transition of potassium nitrate from orthorhombic to triagonal structure at approx 403K.
Endothermic peak at 612 K indicated the phase change in KNO 3 from crystalline form to liquid, followed by exotherm corresponding to the reaction between B and KNO 3 at approx 799 K. On addition of RDX, the peak temperature corresponding to the reaction between B and KNO 3 
Heat Output
The heat output of B-KNO 3 charge is nearly 6520 J/g. This is close to the theoretical value of 6690 J/g. The heat of explosion of RDX and HMX were 5350 J/g and 5425 J/g, respectively, which closely resembled the theoretical value. The heat output of B-KNO 3 is not significantly affected by the addition of these explosives. The value remaines constant at about 6480 J/g. This is due to the reaction between the combustion products of B-KNO 3 with that of RDX/HMX. Boron combines with the combustion products of RDX/HMX to form more exothermic B 2 O 3 instead of BN, liberating extra heat. Addition of both RDX and HMX has the same effect on the heat output of B-KNO 3 . However, the heat output of B-KNO 3 /HMX compositions are slightly on the higher side. This may be due to the higher heat output of HMX compared to RDX. The heat output values are given in Table 8 .
Product Analysis
The products of reaction and thermodynamic parameters of B-KNO 3 and its mixes with RDX and HMX were theoretically predicted using a computer program COSMOS. On the addition of these high explosives, the products become more gaseous, leading to increased gas volume and higher pressure output. The amount of CO is increasing linearly with the addition of RDX. As a whole, it can be said that the amount of gaseous products are increasing while the amount of solid and liquid products are decreasing. The variations of product concentration with addition of RDX at equilibrium pressure of 20 atm are given in Table 9 .
The thermodynamic parameters of B-KNO 3 /RDX mixes are given in Table 10 . The average molecular weight of the products of B-KNO 3 reaction is 66.76 and the gas volume is 301.3 ml/g. The average molecular weight of the products decreased with the progressive addition of RDX or HMX, and for composition with 50 per cent RDX or HMX, it is reduced to almost 33 and gas volume increased to 678 ml/g. Flame temperature of the parent composition is nearly 2910 K, which increased to about 3150 K on addition of 50 per cent nitramine explosive.
Pressure Output
The pressure output of B-KNO 3 charge is approx 2.9 kg/cm 2 . The pressure output increased linearly to about 5.8 MPa with the progressive addition of RDX/HMX to 50 per cent. This is because of the increase in the amount of gaseous products. The time to P max and time to (dP/dt) max values were computed and the values decreased with the addition of more and more explosive. Thus, the ignition Table 11 .
Friction & Impact Sensitivity
Boron/potassium nitrate is a less sensitive composition with friction sensitivity > 36 kgf. On addition of RDX or HMX, the value decreases and for composition with 50 per cent RDX/HMX, it is 12.8 kgf. Similarly, the impact sensitivity values also decrease with the addition of RDX/HMX. The impact sensitivity of RDX is 6.69 J drop energy, and for HMX, it is 7.59 J drop energy. But still the value lies within the safety limit and is safe for granulation and pelletisation purposes. The values of friction and impact sensitivity are given in Table 12 .
CONCLUSIONS
The thermal decomposition of B-KNO 3 , RDX and HMX occured in one stage, while the mixes of B-KNO 3 with RDX/HMX decomposed in two stages. The first stage corresponds to the decomposition of high explosive while the second stage corresponds to the reaction between B and KNO 3 . The kinetic parameters calculated using methods of CoatsRedfern and Mac Callum-Tanner gave comparable values. Activation energy and lnA of B-KNO 3 decreased with the addition of RDX or HMX. The DSC peak temperature corresponding to the reaction between B and KNO 3 is shifting to lower temperatures on progressive addition of RDX or HMX. The shift is greater in the case of RDX addition. The decomposition temperature of RDX or HMX is not significantly affected by the presence of B-KNO 3 
